Abstract The effects of variation in RF, such as I/Q imbalance and filter mismatch, are extremely important for OFDM wireless accesses. This work presents a lowcomputational estimation of I/Q imbalances with filter mismatches to improve performance in MIMO-OFDM receivers. For N×N MIMO-OFDM systems, the proposed cross-validation estimation is such that, only N+1 preambles are required to extract the mismatches of filters, gains and phases. With the estimated parameters, frequency-domain filters are exploited to correct frequency-dependent I/Q imbalances. Through performance evaluation of a 2×2 MIMO-OFDM system, with ideal channel estimations this study incurs a SNR loss of 1-1.2 dB to maintain a 10% PER at 1-dB gain error, 10°-phase error and the worst 180°-filter mismatch. In addition, this algorithm is well-matched to IEEE 802.11n and new specifications discussed in IEEE 802.11 VHT study group.
Introduction
Multiple-input multiple-output orthogonal frequency division multiplexing (MIMO OFDM) is widely used for nextgeneration communications over frequency-selective fading [1, 2] . With the help of multiple transmitted antennas, multiple received antennas and special spatial formats, data accesses can be faster and more efficient than single-input single-output (SISO) systems. Unfortunately, RF distortions will cause serious degradations of performance in most OFDM-based designs. The key impacts are: the gain and phase mismatch between in-phase (I) and quadrature-phase (Q), namely I/Q imbalance; and a filter mismatch between I and Q denoted by frequency-dependent imbalance (FDI). In practice, the simultaneous occurrence of I/Q imbalance and filter mismatch significantly degrades the system performance. Several schemes for OFDM systems have been proposed to handle I/Q imbalance [3] [4] [5] [6] [7] . These schemes can be categorized as follows. 1) Data-aided (DA) methods, in which special pilots and training symbols are inserted into the transmitted data [3, 4] . 2) Nondata-aided (NDA) methods, in which the transmitted data are used without any other additional information [5, 6] . 3) Adaptive FIR filter based methods, in which the received data before the FFT are utilized to handle estimation, were presented to certify for an Image Rejection Ratio (IRR) of 75-97 dB after compensation. [7] .
Some blind I/Q imbalance estimators that rely on signal statistics have also been adopted to achieve estimation and compensation [8] . Although these methods can work well under I/Q imbalance, filter mismatches were less addressed and a lot of cycles were required for processes. Therefore, introducing the filter mismatch phenomenon into the system increases the estimation error. The I/Q imbalance with filter mismatch, namely frequency-dependent I/Q imbalance, is much critical for OFDM direct-conversion receivers to make the corresponding estimation and compensation be extremely difficult [3, 9] .
To ensure that MIMO-OFDM wireless accesses function at frequency-dependent I/Q imbalances, this study presents a novel method to extract the useful properties of preambles to reduce the converged cycles. As a result, the interleaving arrangement of preambles can be utilized, namely cross validation, to estimate frequency-dependent I/Q imbalances for N×N MIMO-OFDM systems within N+1 preambles. Then a frequency-domain (FD) filter is programmed by the estimated parameters to remove these I/Q distortions in each received antenna. Simulations of a 2×2 MIMO-OFDM system indicate that the proposed approach results in a 1.2-dB SNR loss with ideal channel estimations to achieve 50-dB IRR and 8% PER at frequency-dependent I/ Q imbalance with a gain error of 1 dB, a phase error of 10°a nd the worst FDI of 180° [3] . Although 50-dB IRR with a SNR loss of 1-1.2 dB is not excellent, it is adequate to make systems work properly. Besides, the preamble-based solution is easily compatible with IEEE 802.11n [10] and next-generation wireless LAN discussed in IEEE 802.11 Very High Throughput (VHT) study group.
The rest of this paper is structured as follows. Section II addresses I/Q model and problem statement. Section III presents the proposed algorithm and architectures of estimation and compensation for frequency-dependent I/Q imbalances. The simulations and measurements are discussed in Section IV. Finally section V gives conclusions.
System Assumptions

Packet Format
Each MIMO-OFDM symbol has 64 sub-carriers that 56 subcarriers are data and 8 sub-carriers are nulls. The time-domain signal is preceded by the guard interval containing the last 16 samples of the OFDM symbol in every antenna. The packets are assumed to contain the common preambles (CP) and the MIMO preambles (MP) that CPs are all the same to every antenna, like the preambles of SISO-OFDM systems. Both CP and MP include two types: (1) short preambles and (2) long preambles, as illustrated in Fig. 1 . The common short preambles (CSP) can be applied for packet detection and coarse synchronization, and the common long preamble (CLP), being real number, can be used for fine synchronization. The MIMO short preambles (MSP) are exploited for antenna calibrations, and all MIMO long preambles (MLP) are tone interleaved across transmitted antennas for channel estimations. The number of MLPs is equal to the number of transmitted antennas. Its valid length is equal to the number of data sub-carriers. In addition, the field of "Packet Type" records the number of antennas, a coding rate of FEC and modulation of data. Table 1 presents the tone partitions of  MLPs used for 1×1, 2×2, 3×3 and 4×4 MIMO-OFDM systems as similar to IEEE 802.11n [10] . The examples of tone interleaving of MLPs across two transmitted antennas are illustrated in Figs. 2 and 3 . In Fig. 2 
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where CLP k and MLP k denote the k th fraction (data subcarrier) of CLP and MLP, respectively. Based on these pairs satisfying the property above, the proposed method can utilize these pairs to estimate the frequency-dependent I/Q imbalance. In a 2 × 2 MIMO-OFDM system, due to frequency-selective fading, different antenna will receive different ratios of the received CLPs and the received MLPs. Therefore, the frequency-dependent I/Q imbalance can be estimated in each receiver. In order to make sure the accuracy of the estimation, there are at least 1/3 fractions of MIMO long preambles distributing uniformly to satisfy Eq. (1). Figure 4 displays the model of frequency-dependent I/Q imbalances [3] . The I/Q imbalance caused by the local oscillator (LO) can be characterized with an amplitude mismatch g=(1+ε) and a phase error θ; ideally g=1 and θ = 0. In this study, I/Q signals are filtered by two mismatched LPFs with frequency responses of H I ( f ) and H g (f), respectively; different received antennas contain different frequency-dependent I/Q imbalances. In each received antenna, the LO signal of the mismatch quadrature demodulator is modeled as follows: 
I/Q Imbalance Model
With Fourier transformation, the baseband signal of each received antenna is denoted as
where
In Eq. (4), Z * Àf ð Þ is the image aliasing effect, caused by I/Q distortions. It is also known that the baseband signal is distorted by self-mixing. The basic model [11, 12 ] is a special case of Figure 5 plots the channel frequency response (CFR) influenced by frequency-dependent I/Q imbalance with 1-dB gain error, 10°-phase error & 20°-phase error, and 180°-filter mismatch [3] , in which FDI induces high-frequency distortions.
Problem Statement
For packet accesses, if one of data bits can not be decoded correctly, the entire packet will be discarded and resent. It means that I/Q distortions must be calibrated before receiving data. Most studies [6] [7] [8] can provide a high IRR without a significant loss of SNR, but special data or more than 1000 frames are needed. Besides, filter mismatches are less addressed. Furthermore, CLPs and MLPs do not carry full I/Q information for all sub-carriers to balance throughput and performance. According to above issues, the objective of this study is to derive an efficient solution for frequencydependent I/Q imbalances as well-matched to IEEE 802.11n [10] and new specifications discussed in IEEE 802.11 VHT study group. Figure 1 The preamble format of the desired N×N MIMO-OFDM system.
MLPs with MLP k =MLP 57Àk ¼ þ1, as revealed in following equations.
where a 1 ðf Þ,a 2 ðf Þ,b 1 ðf Þ and b 2 ðf Þindicate the frequencydependent I/Q imbalances in the 1st and 2nd received antennas, and H 11 ðf Þ, H 12 ðf Þ, H 21 ðf Þ and H 22 ðf Þ are the ideal CFR of frequency-selective fading in each path. The received CLP in the 1st received antenna is
Due to the image aliasing effect of frequency-dependent I/Q imbalance, the relation between MLP k =MLP 57Àk and CLP k =CLP 57Àk can be applied to extract the mismatches of filters, gains and phases. With MLP k =MLP 57Àk ¼ þ1 and
, the mathematical derivations imply the following ratio of β to α (see Appendix for the details).
Denote the ratio 
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Then the complete ratio D 1 (f) is to join Eqs. (8) and (9) together. In the 2nd received antenna, the same process are employed to measure the frequencydependent I/Q imbalance. Only one CLP and two MLPs are used in operations. For the case of an N× N MIMO-OFDM system, the ratio D 1 (f) of the j th received antenna becomes 
The converged cycles are "N+1" (one CLP and N MLPs). Due to insufficient information in the CLP and MLPs, the complete D 1 (f) for all sub-carriers can not be accomplished by preambles directly. For example, only 24 sub-carriers of IEEE 802.11n enable to measure D(f) in each received antenna; however, the ratios of the remainder sub-carriers can be discovered using interpolation.
After interpolation and smoothing, the compensation factor Z 1 (f) for the 1st received antenna can be given by
Assuming that a 1 Àf ð Þ ¼ 1 and
Based on Eq. (9) and (12), Fig. 6 is the architecture of the crossvalidation estimator, and Fig. 7 is the architecture of the FD-filter compensator. In Figs. 6 and 7, total 56 subcarriers (without nulls) must share all dividers, multipliers and adders of D j (f) and Z j (f) to balance clock rate, hardware cost and designed complexity. The function of −f is easily implemented by the inversed buffer access with [57−k] for the k th data sub-carrier. According to MLP k =MLP 57Àk and CLP k =CLP 57Àk , two kinds of buffers, namely first-input first-output (FIFO) and first-input last-output (Stack), are adopted to measure D j (f) using one complex divider as displayed in Fig. 7 . As interpolation is not essential for each sub-carrier, only one interpolator is needed in designs. The output of the cross-validation estimator must be serial to match the shared structure of the FD-filter compensator. All modules can be realized by hardware-description language (HDL) and synthesized for an in-house CMOS library by Design Analyzer (Synopsys).
Simulation and Discussion
A typical model [13] of frequency-selective fading was utilized to evaluate the proposed approach. The worst case of frequency-dependent I/Q is 2-dB gain error, 20°phase error and 180°-filter mismatch. This severe condition is applied to evaluate the proposed method for its robustness and effectiveness. The packet-error rate (PER) is the performance index and the required PER is 10% in the following conditions. After compensations, the amplitude and phase of H 11 ðf Þwith 1-dB gain error, 20°-phase error and 180°-filter mismatch of h I ðtÞ ¼ ½1 0:1 and h Q ðtÞ ¼ ½0:1 1 in TGnE (15 taps and 100-ns RMS delay spread) are shown in Fig. 8 . It reveals that the high-frequency distortion of FDI can be eliminated to make the CFR be close to that of frequency-selective fading. Even though there is a shift error, this solution performs well enough to make Alamouti equalization work. In Figs. 9 and 10 , the conditions of frequency-selective fading are TGnD (8 taps and 50-ns RMS delay spread) and TGnE (15 taps and 100-ns RMS delay spread); I/Q imbalances are typical I/Q and high I/Q; and FDI is the worst 180°-filter mismatch. When channel estimation is not perfect, the system degradation is within 2.9-3.1 dB under typical I/Q with the worst FDI. With ideal channel estimations, the SNR losses of the proposed algorithm are within 1 dB and 1.2 dB. In order to be compatible with IEEE 802.11n, only 3 preambles are available to estimate FDI I/Q imbalance via the proposed method. It results in an additional 1.2-dB SNR loss. It is also known that the SNR losses are more sensitive to frequency-dependent I/Q imbalances than frequencyselective fading. Since 50-dB IRR is not excellent, OFDM pilots with the adaptive scheme [7] as a fine estimation can be exploited to enhance performance.
Since only 3 preambles with interleaving property are valid to estimate the frequency-dependent I/Q imbalance, fewer converged cycles are needed than other methods. The designed features are summarized in Table 2 . Considering computational effort, 5 multiplications and 4 additions are required for acquiring one ratio of β to α in Eq. (8) . Since there are 24 ratios of β to α needed to calculate, it costs 120 multiplications and 96 additions. Furthermore, taking interpolation and moving average into account, the total multiplications and additions are 206 and 358 respectively, which is more efficient than other references. Two major contributions of the proposed cross-validation scheme are summarized as following: 1) Backward compatible with IEEE 802.11n; 2) Low-computational complexity.
For algorithm verifications, a 2×2 software-defined radio (SDR) was constructed, as displayed in Fig. 11 . The field programmable gate array (FPGA) chips (Xilinx Virtex-II) with on-board 14-bit digital-to-analog (D/A) and analog-todigital (A/D) converters are the interface between in-house RF modules and software. The packets are first generated by MATLAB and then transmitted to RF front-ends through 14-bit D/As. In order to make MIMO transmissions coherent, there is an additional D/A module, as a hardware trigger, to control all D/As coherently at TX. After down-converting the RF signals into baseband at the receiver, analog signals are fed into four 14-bit A/Ds for quantization. The proposed Ref [3] Ref [4] Ref [5] Ref [6] Ref [7] Ref [8] algorithm then processes the quantized signals by using software (MATLAB). The measured 16-QAM constellations in the 1st received antenna are plotted in Fig. 12 , where carrier synchronization [2] and equalization [14] have been included in the platform. The measured EVM without compensation and with compensation are -1.9 dB and -21.35 dB, respectively, which indicate that the proposed scheme can also work well for practice. Both simulations and measurements hint that this study ensures a MIMO-OFDM receiver overcoming the problems of frequencydependent I/Q imbalances.
Conclusion
This work presents a low-computational estimation, using interleaving arrangement of preambles, to extract the mismatches of filters, gains and phases for MIMO-OFDM wireless accesses. Simulations and measurements indicate that the proposed scheme can solve frequency-dependent I/Q imbalances with 2-dB gain errors, 20°-phase errors and the worst 180°-filter mismatches to achieve 10% PER in frequencyselective fading. With the help of cross validation, for N×N MIMO-OFDM systems, just N+1 preambles are used in actions. This study does not only derive an efficient solution for frequency-dependent I/Q imbalances in OFDM-MIMO receivers, but also is well-suited to next-generation wireless LAN discussed in IEEE 802.11 VHT study group. Consequently, the system performance can be improved via the proposed method, which can loose the specification of RF design. 
